I PROPOSE to discuss the concept that the accumulation of ketone bodies arises from an inability of the liver to regulate the relative rates of certain metabolic processes. According to this concept, ketosis is a disorder of the regulation of metabolic processes rather than an insufficiency of certain enzymes or of key metabolites.
The Origin ofKetone Bodies
The bulk of the ketone bodies arises by condensation of acetate which reacts in the form of acetyl coenzyme A (CoA) (see Scheme 1). Two SCHEME molecules of acetyl coenzyme A first form acetoacetyl coenzyme A and this is hydrolysed by a specific enzyme-acetoacetyl-coenzyme A deacylase. This enzyme is present in liver but absent from most other tissues (Mahler, 1953) which accounts for the fact that liver is the main site of ketone body formation.
FEBRUARY
All foodstuffs-fats as well as carbohydrates and proteins-yield acetyl coenzyme A in the course of their combustion and are therefore potential sources of ketone bodies. However, in the intact organism, the fate of acetyl coenzyme A depends partly on its origin. Only the acetyl coenzyme A derived from fatty acids with even carbon numbers and the three "ketogenic" amino acids-leucine, phenylalanine and tyrosineproduce major quantities of ketone bodies, and long-chain fatty acids rarely form more than one molecule of ketone body per molecule (Magnus- Levy, 1899 Levy, , 1901 Levy, , 1925 . Whilst the acetyl coenzyme A arising from most sources undergoes complete oxidation through the tricarboxylic acid cycle (except for a relatively small fraction which is utilized for various synthetic processes), some of the acetyl coenzynme A arising from fatty acids and from the ketogenic amino acids can yield ketone bodies.
Site ofFormation and Utilization ofKetone Bodies
The liver is by far the most important site of ketone body formation though small quantities can be formed in other tissues, e.g. kidney (Weinhouse and Millington, 1951; Jowett and Quastel, 1935) . In ruminants, the wall of the rumen is an additional major source (Pennington, 1952; Hird and Symons, 1959) and, in the lactating animals, ketone bodies can also be formed by the mammary gland (Terner, 1958) .
Many tissues are capable of utilizing ketone bodies as a substrate of respiration and of oxidizing them completely to carbon dioxide and water (Stadie et al., 1940; Shipley, 1944; Krebs and Eggleston, 1948) . This applies in particular to the mammalian heart which appears to use acetoacetate in preference to most other substrates of oxidation (Kulka, 1958; Williamson, 1959) .
Accumulation of Ketone Bodies
It is relevant to the problem of the nature of ketosis that there are many physiological or semiphysiological conditions which can be associated with an accumulation of ketone bodies above the normal level in blood and urine. These include starvation, diets low in carbohydrate (fat-protein diets, Deuel et al., 1932) , severe muscular exertion -"post-exercise ketosis" (Courtice and Douglas, 1936; Courtice et al., 1939; Passmore and Johnson, 1958; Drury et al., 1941; Gemmill, 1940) , exposure to a cold environment (Sargent et al., 1958) , alkalosis due to hyperventilation (Davies et al., 1920) or to a dose of sodium bicarbonate (Deuel et al., 1935) , and anesthesia (F. L. Engel and M. G. Engel, 1958) .
Some of the pathological conditions which can lead to ketosis of varying degrees have a common basis: the failure to utilize carbohydrate at the normal rate. This applies to all forms of diabetes-diabetes mellitus, diabetes due to depancreatization or to alloxan poisoning (Lukens, 1948) , or to phlorizin poisoning (Goldfarb et al., 1934) -to glycogen storage disease, and probably also to ketosis following vomiting (hyperemesis gravidarum and periodic vomiting of children), and to the ketosis accompanying pregnancy toxemia of sheep.
The ketosis of lactating cows, first described in Holland in 1923 by Sjollema and Van Der Zande, though not fatal, may seriously reduce milk production and is a disease of major economic importance.
Experimentally, ketosis can be produced both in the intact body and in isolated liver preparations by substances which lower the oxaloacetate level in tissues. Examples are malonate (Reck- (Cole et al., 1955) , fluorocitrate (Gal et al., 1954) , mesoxalate and tartronate (Edson, 1936; Krebs and Stickland, 1958 . One of the most interest--ing forms of experimental ketosis is that produced by anterior pituitary extracts (Bennett et al., 1948) . The ketogenic effect of the anterior pituitary is suppressed by cortisone, hydro--cortisone and related substances (Engel, 1957; G. Engel and F. L. Engel, 1958) . These effects indicate that the metabolism of ketone bodies is under hormonal control.
Relations Between Carbohydrate and Fat Metabolism The elucidation of intermediary stages of the oxidation of fat has made it possible to reexamine the meaning of the old remark (Rosenfeld, 1885 (Rosenfeld, , 1906 Kalnitsky ,and Tapley (1958) to be identical after twenty--four hours although the acetoacetate level had increased over tenfold (see Table II ). These oxaloacetate and its precursors. Some authors (Fasella et al., 1958) Oxalate (10-3M) ..
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-25-4 + 8-2 -27-1 + 6 5 (Table V) . (Table VII) . Again, the main metabolic reactions were those stages of the cycle nearest to the added substrate. In the case of pyruvate, this was the conversion of pyruvate to acetyl coenzyme A.
In these experiments, the high concentration of the added substrate was no doubt an important factor in displacing other oxidizable materials as fuels of respiration. How the mechanisms operate which regulate the choice of substrate is by no means fully known, but it can be explained in general terms why the available nutrients are not simultaneously burned.
A major factor is the circumstance that all oxidations involve the same co-factors and are therefore not entirely independent processes. Over-production or Under-utilization of Acetyl Coenzyme A The concept of substrate competition suggests that ketosis may be a condition where the balance of substrate utilization is disturbed. Ever since it has been appreciated that ketone bodies can be normal intermediates of metabolism it has been realized that the accumulation of ketone bodies could be due either to over-production or to under-utilization.
In the light of present knowledge, this means over-production or under-utilization of acetyl coenzyme A. If the utilization of acetyl coenzyme A through the tricarboxylic acid cycle is impeded, then any excess, instead of undergoing oxidation, would be expected to be shunted in the liver to the synthesis of ketone bodies. On the other hand, an overproduction would mean that more acetyl coenzyme A is formed than is needed for energy release and this excess would again be expected to be shunted to the synthesis of ketone bodies.
There is no evidence of under-utilization of acetyl coenzyme A in the ketotic organism, in the sense of the reduced rate of the tricarboxylic acid cycle. The capacity of the body as a whole to bum acetate is never fully used in a resting organism. On exercise, the total energy supply may be trebled and of this increase about twothirds is due to the oxidation of acetate. It is true that the differences in respiration between the resting and maximally active tissue are small in liver (where most of the ketone bodies are produced) but numerous measurements of the respiration of liver preparations in vitro have shown that the rate of respiration, in terms of Qo,, is not depressed in starvation, although the rate of ketone body accumulation may rise fourfold (e.g. Edson, 1935, see clear that ketosis can occur whilst the total oxidative capacity of the liver and the rate of utilization of acetyl coenzyme A through the tricarboxylic acid cycle are normal. This indicates that ketone body accumulation is not due to under-utilization, but to overproduction of acetyl coenzyme A, and raises the question of why over-production occurs.
Accumulation of Intermediary Metabolites
An over-production of intermediary metabolites and their accumulation is a most exceptional event in animal tissues. The non-accumulation indicates that intermediates when available react in preference to the starting material. A substrate molecule of respiration, once its oxidation has been initiated, burns to completion before a new molecule is attacked. This can be directly demonstrated by adding intermediates of the tricarboxylic acid cycle to respiring tissues. As already discussed (see Table VI How such a control is exerted is unknown. It is likely that the hormone regulates the activity of a key enzyme. Several cases are known where the activity of enzyme is under hormonal control. An example is adrenaline which promotes the conversion of inactive phosphorylase to the active enzyme and thereby accelerates the conversion of glycogen to hexose phosphates (Sutherland and Cori, 1951; Sutherland and Wosilait, 1956; Rall et al., 1957 ).
Prevention of Ketosis by Dietary Measures
Even without full knowledge of the reasons of ketosis and of the factors controlling the formation of acetyl coenzyme A, ketosis can to some extent be controlled experimentally and therapeutically by dietary measures, i.e. by the administration of antiketogenic instead of ketogenic food. Whether a food is ketogenic or antiketogenic has long been established empirically for the main foods (see Magnus-Levy, 1925) . The knowledge of intermediary metabolism makes it now possible to predict the ketogenic and antiketogenic properties of food constituents on the following basis.
The energy supply from all foodstuffs comprises two major stages (Scheme 3). The first consists of the reactions leading from the foodstuffs to acetyl coenzymes A or to other intermediates of the tricarboxylic acid cycle. The second is represented by this cycle itself. On ordinary diets, about two-thirds of the energy is set free by the tricarboxylic acid cycle and one- atom except the reaction ax-oxoglutarate succinate which yields 4 ATP and the reaction -CH2.CH2-----CH: CH-which yields 2 ATP. The latter reaction occurs in the dehydrogenation of succinic and of fatty acids, including propionic acid and the fatty acid derived from leucine, i.e. isovaleric acid. There are uncertainties in the calculation of the ATP yield from tyrosine and phenylalanine because the degradation of these two amino acids includes oxidative steps which probably cannot be coupled with phosphorylation. They are the steps between hydroxy-phenylpyruvate, via homogentisic acid, to maleyl-acetoacetate (Hager et al., 1957; Schepartz, 1953; Knox and Edwards, 1955; Dalgliesh, 1955) . The enzyme systems concerned with these stages do not seem to contain pyridine nucleotides, flavoproteins and ironporphyrins and as a rule only oxidations which involve these catalysts can be coupled to phosphorylation.
The two standards used for measuring the energy supply-02 consumption and ATP formation-give in general parallel values, but there are some differences, and the ATP values are of more immediate interest because they are a measure of the utilizable energy.
There are three substances in the list which release more than 80 % of the energy through the tricarboxylic acid cycle. They are acetate (100%), the C4-fatty acid (83 %), and leucine (82 %). These substances are known to be the main ketogenic materials of a normal diet.
Antiketogenic are those substances which relieve the pressure on the tricarboxylic acid 8 cycle by providing energy through reactions outside the cycle. The more energy that can be obtained from reactions other than those of the cycle, the greater this antiketogenic effect can be expected to be. This is in fact the case. According to Baer and Blum (1907) , Satta (1906) , and Borchardt and Lange (1907) . More recently their antiketogenic effects, as well as those of 1,2-propylene glycol, have also been noted in cases of bovine ketosis (Schultz and Smith, 1951; Schultz, 1952 Schultz, , 1954 Johnson, 1951 Johnson, , 1954 Mills, 1954; Maplesden, 1954) . In testing the antiketogenic activity, complications may arise when the substance under test is acidic and administered as an alkali salt. Neutral substances have probably the advantage of greater palatability and of rendering unnecessary an intake of a major quantity of alkali.
There is thus sufficient information to supplement a diet so as to make it less ketogenic.
Hormonal Therapy
Since, however, the type of energy-supplying reaction-whether energy is derived from carbohydrate, fat or protein-is not solely controlled by the diet but also by hormones, methods of treatment may be based on either dietary changes or hormonal supplements. An example of the effectiveness of a hormonal supplement is the insulin therapy of diabetes, and insulin is certainly also the most effective remedy for those types of ketosis where carbohydrate cannot be utilized because of lack of insulin, i.e. the common forms of diabetic ketosis. It is of course of no avail when it is not a limiting factor in carbohydrate utilization, as is the case in bovine ketosis. Numerous reports have appeared in recent years on the successful treatment of this type of ketosis with cortisone, hydrocortisone and related substances (Shaw, 1955 (Shaw, , 1956 Paterson, 1957; Gessert et al., 1955; Shaw et al., 1955; Link et al., 1957; Vigue, 1955) . The glucocorticoids are antiketogenic because they inhibit the degradation of fat and favour the utilization of carbohydrate. The mechanism of action of these hormones is not yet known in detail, but its study is a field now ready for further experimental work. The immediate problem is to pin-point the enzymes of fat and/or carbohydrate metabolism on which these hormones act.
Whilst, thanks to insulin, the problem of treating diabetic ketosis is now well in hand, this cannot be said with equal confidence of bovine ketosis in which, however, the difficulty is in practical management rather than ignorance of basic principles. A pattern for the treatment of ketosis is provided by the experience of diabetes mellitus in man. Diabetes, like bovine ketosis, is primarily an upset of endocrine balance and in this type of condition the two therapeutic approaches, dietary and hormonal, aim at restoring to normality a dis-equilibrium: to replace the deficient hormone by supplements and to modify the diet in order to assist the body's diminished capacity for maintaining the metabolic balance. In some cases, depending on the type and severity of the disease, one method of treatment, either dietary or hormonal, may be adequate. In other cases, a combined dietary and hormonal treatment is called for.
Conclusion
The development of biochemical knowledge has substantially deepened our understanding of ketosis but the final answer to the question of why ketone bodies accumulate under certain conditions still cannot be given. The newer knowledge allows us to formulate the problem more precisely: in ketosis, acetyl coenzyme A or acetoacetate fail to prevent the oxidation of substrates which provide further acetyl coenzyme A. This is in contrast to the general rule that intermediates do not accumulate because their presence suppresses the degradation of the material from which they arise. Full understanding of the ketosis problem will have to await more information on how the degradation of foodstuffs is controlled, but, on the practical side, enough information is available to treat ketosis effectively in man and in farm animals.
